The effect of chloride ions on the fatigue crack growth rates of a Zr 55 Al 10 Ni 5 Cu 30 bulk glassy alloy has been investigated by using a 3-point bending test method in NaCl solutions and phosphate buffered (PCA) solutions containing 0.1-0.5 kmol/m 3 NaCl at room temperature. The crack growth rates increase with increasing chloride content, although the crack growth behavior in PCA + 0.1 kmol/m 3 NaCl is almost the same as that in PCA without NaCl or in air. Another interesting feature is that the crack growth rates in the PCA + NaCl are lower than those in NaCl of the same content. The adsorbed phosphate ions at the crack tip of the specimen may prevent the adsorption of chloride ions, resulting in the decrease in the growth rates. SEM results reveal that the remarkably different fractography is obtained for the fatigue crack growth region in aqueous solutions containing the certain amount of chloride ions.
Introduction
In recent years, several families of multicomponent alloys exhibiting excellent glass-forming ability have been developed. They include Mg-, 1) Zr-, 2,3) Ti-, 4) Fe-, 5) Pd, 6) Ni-, 7) Co- 8) and based alloys. Among them, Zr-based glassy alloys have critical cooling rates of 1 to several tens K/s. Thus fully amorphous rods of 30 mm in diameter have been produced. 10) They possess good mechanical properties applicable to industrial materials. 11) Although it is important to evaluate the effect of environmental factor on fatigue crack propagation behavior of the bulk metallic glasses for applications to structural materials, there have been only two reported papers of the same group associated with the crack growth behavior. Schroeder et al. 12, 13) investigated the fatigue-crack propagation behavior of a Zr 41:2 Ti 13:8 Cu 12:5 Ni 10 Be 22:5 alloy in air and in a 0.5 kmol/m 3 NaCl solution: The 0.5 kmol/m 3 NaCl solution caused a dramatic increase in the growth rate by two or three orders of magnitude, compared with air. The brittle features were observed in SEM micrograph of fatigue fracture surfaces created in the NaCl solution over the full range of stress intensities tested. They postulated that anodic process was responsible for the embrittlement of the alloy.
On the other hand, for a Zr 55 Al 10 Ni 5 Cu 30 glassy alloy without beryllium, no information is known about the fatigue crack growth rate in aqueous solutions. Therefore extensive work is required to evaluate the fatigue crack behavior for the Zr-based metallic glass in aqueous solutions.
The objective of this work is to evaluate the effect of chloride ions on the fatigue crack propagation behavior of a Zr 55 Al 10 Ni 5 Cu 30 bulk metallic glass by 3-point bend (3PB) testing.
Experimental Procedures
The alloy composition of the sample was Zr 55 Al 10 Ni 5 Cu 30 (at %). An alloy ingot was prepared by arc melting the mixtures of pure Zr, Al, Ni and Cu metals in an argon atmosphere. Bulk glassy alloy plates of dimensions 50 mm Â 50 mm Â (2.2 to 2.4) mm were prepared by a moldclamp casting method 11) in an argon atmosphere. The amorphous structure was confirmed from the surfaces of the plates by the diffractometer X-ray method using Cu K radiation, consistence with a previous report.
14)
The plates were machined into two types of 3PB specimens as illustrated in Fig. 1 , where B and W are the thickness and width, respectively. The magnitude of span, S, was approximately 4W. A straight-through pre-crack starter notch with a radius of about 0.06 mm was introduced by spark discharge. The depth of starter notch, a 0 N , was 1.2 mm. For type a and type b specimens, outer knife-edges and/or side grooves with 0.4 mm in depth were placed, which were prerequisite to introduce a well defined, straight crack without deviation from the load line during fatigue cracking. 14) Prior to fatigue pre-cracking the specimen side surfaces were mechanically polished by SiC paper up to No 1500. Fatigue tests were performed at room temperature (about 294 K) in air, in de-ionized water, in 0.3 and 0.5 kmol/m 3 NaCl solutions and in phosphate-citric acid buffered solutions (PCA) containing different chloride con- 
15)
A fatigue crack was first introduced in air from the notch and propagated up to about 1 mm using a fatigue testing machine (Shimadzu Servopulser of 50-kN capacity equipped with a 5-kN shear type load cell). The stress intensity factor, ÁK, was controlled from the initial value (ÁK i ) of 11 MPam 1=2 to the final values (ÁK f ) of 2.5-2.7 MPam 1=2 at a constant load ratio (ratio of minimum to maximum load) R of 0.1 with a sinusoidal waveform of 20 Hz. Subsequently the fatigue tests were conducted under increasing a crack length step of a 0.005 mm and initial stress intensity range ÁK of 2.6 MPam 1=2 , in air and in aqueous solutions at a load ratio R of 0.1 and a frequency of 10 Hz. Crack lengths were continuously monitored using unloading elastic-compliance measurements with a clip gage (working range: 2.0 mm) attached to the knife edge of the specimen. In order to avoid the galvanic corrosion of specimen in direct electrical contact with the testing holder and the clip gage in the corrosive solutions, specimens were isolated from them by the zirconia pins and insulator tape, respectively. The fracture surfaces were examined by optical microscopy and scanning electron microscopy (SEM). Figure 2 shows the fatigue crack growth rates for the Zr 55 Al 10 Ni 5 Cu 30 bulk glassy alloy measured in air, deionized water and 0.5 kmol/m 3 NaCl aqueous solution at room temperature as a function of stress intensity range, ÁK. It is clear that the crack growth rate in 0.5 kmol/m 3 NaCl solution is about one or two orders magnitude lager than that in air depending on the ÁK value: for example, the crack growth rate in the NaCl is more than two orders of magnitude higher at ÁK of 4 MPam 1=2 , and the specimen is fractured at about 5 MPam 1=2 . On the other hand, the crack growth behavior in de-ionized water is almost the same as that in air. Thus the chloride ions significantly enhance the fatigue crack growth rate of the glassy alloy. Next in order to clarify the effect of chloride ion concentration on the crack growth rate, the fatigue tests were made in the phosphate buffered solutions with varying NaCl contents. Figure 3 shows the change in fatigue crack growth rates for the Zr 55 Al 10 Ni 5 Cu 30 glassy alloy specimens with stress intensity range measured in PCA containing various contents of NaCl. The crack growth rates in 0.3 and 0.5 kmol/m 3 NaCl are also shown for comparison. It is apparent that the crack growth rates increase with increasing chloride content, although the crack growth behavior in PCA + 0.1 kmol/m 3 NaCl is almost the same as that in PCA without NaCl. Another interesting feature is that the crack growth rates in the PCA + NaCl are lower than those in NaCl of the same content. The adsorbed phosphate ions 15) at the crack tip of the specimen may prevent the adsorption of chloride ions, resulting in the decrease in the growth rates. The third interesting feature of Fig. 3 is the appearance of the plateau-like crack growth region in da/dN vs ÁK curves. The period of crack growth rate independent of ÁK is a clear indication of the intervention of a ratelimiting process unrelated to ÁK; in this case, most probably, rate of corrosion near the crack tip or the rate of hydrogen diffusion to the crack tip process zone. 16) In the case of high strength steels (yield strengths around or greater than 1,000 MPa), simple models can be employed which superimpose stress corrosion cracking (by hydrogen embrittlement) on the fatigue process. 17) Similar process would occur in the case of the bulk metallic glass (yield strength around 1,700 MPa) in chloride containing solutions. Further study regarding stress corrosion cracking of the metallic glass should be needed.
Results and Discussion
SEM micrographs of fracture surfaces in air and the aqueous solutions containing chloride ions show a large difference. Figures 4 and 5 NaCl, respectively. In both cases, the overall fatigue fracture surface consists of three main regions: the fatigue pre-crack, crack growth and final fast fracture areas. In air, the fatigue fracture surface for the bulk metallic glassy alloy is macroscopically uneven. Furthermore, it should be noted that the fracture surface exhibits striations (Fig. 4. (b) , (c) and (d)) that are usually observed on those in crystalline metals, suggesting that the bulk glassy alloy specimen shows plastic flow at the crack tip during loading cycle. Similar results were obtained for the specimens fractured in de-ionized water, PCA without chloride ions and PCA + 0.1 kmol/m 3 NaCl. The vein-like pattern typical of glassy phase is observed in the final fast fracture region (Fig. 4(e) ). On the other hand, remarkably different fractography is obtained for the fatigue crack growth region in the 0.5 kmol/m 3 NaCl solution, as shown in Fig. 5 . Figure 5(a) shows about 45 tilted overall fatigue fracture surface of the glassy alloy in the NaCl, and Figs. 5(b) and (c) show enlarged magnification of rectangular circles (B) and (C) in Fig. 5(a) , respectively. It should be noted that outer appearance of the overall fracture surface is smooth and optically reflective. Therefore, we can easily distinguish clearly between the facture surfaces created in air and that in the NaCl solution by a naked eye. However, microscopically, steps (indicated by white arrows) and many secondary cracks are observed in Figs. 5(b) and (c). Furthermore, no striation-like patterns are observed in the fracture surface. This indicates that the brittle surface layer was formed during the crack growth in the NaCl solution. Similar brittle fracture surfaces were obtained in the 0.3 kmol/m 3 NaCl and PCA containing more than 0.3 kmol/m 3 NaCl. Schroeder et al. 12, 13) also reported that the brittle fracture surfaces were observed in Zr-Ti-Cu-Ni-Be glassy alloy in 0.5 kmol/m 3 NaCl solution. the anodic reaction of chloride ions with freshly produced surface is accelerated by cyclic loading. The mass-transportkinetic mechanism 18) may explain the phenomenon as occurring from the results of a high concentration of chloride ions and a low pH at the crack tip which result in the formation of brittle layers, such as zirconium chloride or hydride. Accordingly, it is important to develop the Zr-based bulk glassy alloys with high corrosion resistance in the chloride-containing solutions.
Conclusions
Fatigue crack growth rate tests were performed at room temperature for pre-cracked 3PB specimens of a Zr 55 Al 10 -Ni 5 Cu 30 bulk metallic glass in NaCl solutions, and PCA solutions with different concentrations of chloride ions. The main results obtained are as follows.
(1) The chloride ions significantly enhance the fatigue crack growth rate of the glassy alloy. For example, the crack growth rate in 0.5 kmol/m 3 NaCl solution is about one or two orders of magnitude lager than that in air depending on the ÁK value.
(2) The crack growth rates increase with increasing chloride content. The phosphate ions suppress the crack growth rate in the solutions of the same concentration of chloride ions. (3) The outer appearance of the overall fracture surfaces created in a certain amount of chloride ions is smooth and optically reflective, being remarkably different from those in air, de-ionized water or PCA without chloride ions. Striation patterns are not observed on the fracture surfaces created in the chloride-containing solutions, although they are observed on the fracture surface in air, de-ionized water or PCA without chloride ions. 
